Exfoliated carbon fibres (ECFs) were prepared from preheated mesophase pitch-based carbon fibre by electrochemical treatment. The nitrogen adsorption isotherms on ECFs were measured at 77 K. All the nitrogen adsorption isotherms were transformed into α S -plots using the standard adsorption isotherms for carbon blacks of different crystallinities and the GCMC simulation isotherm. Using the standard isotherm of well-crystallized carbon black, the α S -plot for the ECF prepared from carbon fibre preheated at 3273 K was almost linear, while α S -plots obtained using the standard isotherm of well-crystallized carbon black and the simulated form had have a downward and an upward deviation, respectively. The α S -plots of carbon samples having similar nanoscale crystallite sizes were close to each other, showing that α S -plot analysis was effective for determining the average surface irregularity structure in the nanoscale range.
INTRODUCTION
Carbon fibre has been widely applied to various technologies. In particular, it is well known that carbon fibre is indispensable to important composite materials. For this reason, information on the irregular nanoscale structures of carbon fibre is important for the production of better composites, because the surface irregularities play an essential role in the formation of stable composites. However, determination of nanoscale irregularities on a surface is not necessarily easy. Although scanning probe microscopy and scanning electron microscopy are helpful in detecting surface irregularities, it is difficult to obtain average information on the surface irregularities over the whole sample. In particular, these microscopic techniques cannot be easily applied to evaluate the surface irregularities of micropores.
On the other hand, the physical adsorption of a vapour such as nitrogen at 77 K can be applied to determine the average surface structure if a comparison plot obtained using a reference material whose structure is known is employed. Sing and co-workers have developed α S -plots for determining pore structures and pore-filling mechanisms (Parfitt et al. 1975; Roberts et al. 1987; Sing 1989 ). Kaneko and co-workers have proposed the subtracting pore effect (SPE) method for micropore structure analysis using the α S -plot with the aid of grand canonical Monte Carlo *Author to whom all correspondence should be addressed. E-mail: kaneko@pchem2.s.chiba-u.ac.jp.
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(GCMC) simulation (Setoyama et al. 1998; Ohba and Kaneko 2002) . In addition, α S -plot analysis can unveil the surface energy state as demonstrated by Jaroniec and Kaneko (Jaroniec and Kaneko 1997; Setoyama et al. 1996) .
This communication describes a new applicability of the α S -plot to the understanding of nanoscale irregularities on surfaces.
EXPERIMENTAL
Mesophase pitch-based carbon fibre was heated at different temperatures from 1773 K to 3273 K (Toyoda et al. 2001a) with the intercalation reaction being carried out by electrolysis in concentrated HNO 3 (Toyoda et al. 2001a (Toyoda et al. ,b, 2002 . These carbon fibre intercalation compounds were rapidly heated at 1273 K for 30 s to effect exfoliation. The exfoliated carbon fibre is designated below as ECF-T, where T is the heating temperature (K) employed before electrochemical treatment. Two kinds of non-porous carbon black were used as a reference substance. These carbon blacks are designated as well-crystalline (w-CB) and less-crystalline (l-CB) carbon blacks according to their crystallinity (Kaneko et al. 1991 ).
X-Ray diffraction patterns of these exfoliated carbon fibres and carbon black samples were measured using an automatic X-ray diffractometer (MXP3 system, Bruker AXS) employing Mo Kα radiation. The nitrogen adsorption isotherm was measured at 77 K via a volumetric system (Quantachrome, Autosorb-1). Samples were pre-evacuated at 10 mPa and 383 K for 2 h prior to the adsorption measurement.
SIMULATION
The standard nitrogen adsorption isotherm on the graphite surface was calculated using the well-established GCMC simulation method employing the Steele 10-4-3 potential at 77 K (Ohba and Kaneko 2002) . As the 10-4-3 potential neglects the in-plane structure of the basal plane of the graphite, the simulated adsorption isotherm is described herein as the standard nitrogen adsorption isotherm of the structureless graphite surface. Detailed procedures of GCMC simulation have been published elsewhere (Setoyama et al. 1998; Ohba and Kaneko 2002; Suzuki et al. 1997) .
RESULTS AND DISCUSSION
Nanographitic structure Figure 1 depicts the X-ray diffraction patterns of exfoliated carbon fibres and carbon blacks. All samples exhibited the representative peaks of graphite, although these peaks were broad. The strongest peak arose from the (002) reflection. It will be seen that the (002) peak intensities of the two carbon blacks differed from each other, with the ECF sample preheated at higher temperature having the sharper peak. However, the crystallinity of ECF-3273 was still inferior to that of w-CB.
The crystallite size, L 002 , was determined from the half-bandwidth of the (002) peak using the Scherer formula. The change in L 002 with the heating temperature is also depicted in Figure 1 where the L 002 values for w-CB and l-CB are depicted by broken lines. The L 002 of w-CB (= 7 nm) was the greatest for all the samples, whereas the L 002 value for l-CB was the least (2.6 nm).
The L 002 values of the ECF samples were between those of l-CB and w-CB. Thus, the elementary unit size of the graphitic structure of the ECF samples was in the nanometer range. Figure 2 shows the nitrogen adsorption isotherms of carbon fibres at 77 K. The amount adsorbed onto the exfoliated carbon fibre heated above 2773 K was much larger than that for the other carbon fibres. Heat treatment induced exfoliation, thereby increasing the surface area. The inset in the figure depicts the magnified nitrogen adsorption isotherms of the carbon fibres. Increasing the heating temperature led to a marked increase in surface area development. The adsorption isotherms of both CB samples and the simulated isotherm (as the standard isotherm) were typically type II regardless of the slight difference in the mutual shape. Whereas heat treatment at different temperatures just changes the surface area, if the surface structure of the ECF sample agrees with that of the reference carbon the corresponding α S -plots should be linear but with slopes which differ from each other. If some α S -plots are linear and others deviate remarkably from linearity for the same reference material, it will be possible to detect surface irregularities from the α S -plot. All the nitrogen isotherms of the exfoliated carbon fibre were transformed into α S -plots using three standard isotherms. Figure 3 shows the three α S -plots for ECF-3273. Surprisingly, the α S -plot for l-CB using the standard isotherm was completely linear over the whole α S -range, indicating that the surface structure of ECF-3273 was close to that of l-CB which was comprised of the smallest graphitic units with L 002 = 2.6 nm. On the other hand, the corresponding α S -plots for w-CB using the standard isotherm and the simulated one had a downward deviation below α S = 0.5 relative to the α s -plot from the standard isotherm of l-CB. The downward deviation below α S = 0.5 indicates that the sample surface, i.e. the surface of ECF-3273, had a lower surface energy than that of the reference surface. If the surface structure of ECF-3273 was similar to that of l-CB, the structure-less model surface and w-CB had a higher energy than ECF-3273, thereby inducing the downward deviation. The upward deviation from the simulated isotherm for the α S -plot above α S = 1 probably arose from surface defects and/or disorder on which a regular multi-layer formation of nitrogen molecules was difficult. Figure 4 shows the α S -plots for ECF-1773. Since this material contained no mesopores, the linear part of the plot from the standard isotherm of l-CB could be extended to the origin. The extrapolation is shown by the broken line. In this case, the amount of nitrogen adsorbed by ECF-1773 was less than 10% that on ECF-3273. In comparison with ECF-3273, an exact analysis was difficult. All α S -plots exhibited a downward deviation below α S = 0.5, suggesting that the surface energy of ECF-1773 was lower than that of l-CB. However, of the three reference surfaces employed, the surface of ECF-1773 was closest to that of l-CB. An explicit upward deviation between α S = 0.5 and 1 indicates the presence of micropores with pore widths in the range 1 nm to 1.3 nm according to the previous GCMC simulation study (Setoyama et al. 1998 ). The simulated standard isotherm gave the most obvious upward deviation between α S = 0.5 and 1. ECF-1773 had a more irregular surface structure than ECF-3273. A clear upward deviation in the α S -plot from the simulation isotherm above α S = 1 could be attributed to irregular multi-layer formation on the ECF-1773 surface. Similar α S -plot analyses were applied to ECF-2273 and ECF-2773. That for ECF-2273 was similar to that of ECF-1773, while that for ECF-2773 was close to that for ECF-3273. None of these α S -plots are depicted here. The L 002 crystallite sizes of ECF-2273 and ECF-2773 were similar to each other. However, the use of such α S -plot analyses with different reference data was capable of demonstrating an explicit difference between ECF-2273 and ECF-2773. Hence, such α S -plot analyses were effective for the macroscopic evaluation of nanoscale irregularities on a porous surface.
Information on nanoscale irregularity from an α S -plot
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